SEMICONDUCTOR DEVICE AND METHOD FOR MANUFACTURING 

SEMICONDUCTOR DEVICE 



BACKGROUND OF THE INVENTION 

Field of the Invention 
[0001] 

The present invention relates to semiconductor devices and methods for 
manufacturing semiconductor devices, and more particularly, is preferably 
applied to a method for forming oxynitride dielectric films. 

Description of Related Art 
[0002] 

There exists a known method for forming the gate dielectric film of a 
semiconductor device in a two-layer structure of an oxynitride film (oxide film 
including nitrogen) and an oxide film, in order to prevent boron contained in a 
P-type polysilicon gate from diffusing into the silicon substrate through the gate 
dielectric film and to thereby prevent the threshold voltage from changing. 
[0003] 

In the method described above, an oxynitride film is formed by using 
nitrogen monoxide gas, at a temperature of 1000°C, for a duration of 20 seconds. 
Also, an oxide film is formed by wet oxidation with the flow rate of H2 / O2 = 5 
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slm / slm, at a temperature of 850°C, for a duration of 3 minutes! alternatively, 
by dry oxidation with the flow rate of O2 = 2 slm, at a temperature of 1000°C, for 
a duration of 3 minutes. 
[0004] 

Also, there is a known method for forming the gate dielectric film of a 
semiconductor device with an oxide film such as a SiC>2 film, in order to form the 
gate dielectric film on a silicon substrate. 
[0005] 

FIG. 7 is a cross-sectional view showing a conventional method for 
manufacturing a semiconductor device. 
[0006] 

Referring to FIG. 7, a silicon substrate 11 is heat-treated with oxygen 
gas G12, to thereby form an oxide film 12 on the silicon substrate 11. 
[0007] 

Also, in order to reduce the amount of gate leakage to the gate dielectric 
film, there is a method for forming the gate dielectric film with an oxynitride 
film (oxide film containing nitrogen) such as a SiON film. 
[0008] 

FIG. 8 is a cross -sectional view indicating another example of a 
conventional method for manufacturing a semiconductor device. 
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[0009] 

Referring to FIG. 8, a silicon substrate 21 is heat-treated with 
dinitrogen monoxide gas G13, to thereby form an oxynitride film 22 on the 
silicon substrate 21. 
[0010] 

Also, there exists a method of forming a gate dielectric film in a 
three-layer structure with an oxide film, an oxynitride film and an oxide film, in 
order to suppress generation of an interface state with the silicon substrate, and 
to reduce the amount of gate leakage to the gate dielectric film. 

SUMMARY OF THE INVENTION 
[0011] 

A semiconductor device in accordance with the present invention 
includes a silicon substrate, and a gate dielectric film provided on the silicon 
substrate, which includes at least a first oxide film and an oxynitride film 
formed on the first oxide film, wherein a peak position of the concentration of 
nitrogen of the gate dielectric film is located in the range of 0.5 nm -1.5 nm 
from a surface thereof, and in the range of 0.3 nm - 2.0 nm from its interface 
with the silicon substrate, and an element concentration peak of the nitrogen is 
7 x 10 21 or greater. 
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[0012] 

As a result, the nitrogen concentration at the interface between the gate 
dielectric film and the silicon substrate can be maintained at a low level, and 
the nitrogen concentration within the gate dielectric film can be increased, such 
that an increase in the interface state can be suppressed, and the amount of 
gate leakage can be further reduced. 
[0013] 

The gate dielectric film further includes a second oxide film formed on 
the oxynitride film, the peak position of the concentration of nitrogen of the gate 
dielectric film is located in the range of 0.3 nm - 2.0 nm from its interface with 
the silicon substrate, and the element concentration peak of the nitrogen is 7 x 
10 21 or greater. 
[0014] 

As a result, while the nitrogen concentration at the interface between 
the gate dielectric film and the silicon substrate can be maintained to be low, 
the nitrogen concentration in the gate dielectric film can be increased, and the 
thickness of the gate dielectric film can be adjusted. 
[0015] 

Accordingly, even when the gate dielectric film is made thinner, an 
increase in the interface state can be suppressed, the amount of gate leakage 
can be further reduced, and the flatness of the gate dielectric film can be 
improved. 
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[0016] 

A method for manufacturing a semiconductor device in accordance with 
the present invention includes a step of forming an oxynitride film on a surface 
of a silicon substrate by performing a heat treatment on the silicon substrate 
with oxynitriding gas under a condition in the range of 1000°C - 1150°C for 120 
- 200 seconds, and a step of forming a first oxide film on the surface of the 
silicon substrate by conducting a heat treatment on the silicon substrate with a 
first oxidizing gas. 
[0017] 

Accordingly, the nitrogen concentration in the gate dielectric film can be 
increased, the peak position of the nitrogen concentration can be pushed up 
towards the surface, an increase in the interface state can be suppressed, and 
the amount of gate leakage can be further reduced. 
[0018] 

Also, the method further includes the step of forming the oxynitride film. 
The heat treatment on the silicon substrate with the oxynitriding gas is 
conducted under a condition in the rage of 1100°C - 1150°C, for 20 - 200 
seconds. 
[0019] 

Accordingly, the nitrogen concentration in the gate dielectric film can be 
increased, the peak position of the nitrogen concentration can be pushed up 
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towards the surface side, an increase in the interface state can be suppressed, 

and the amount of gate leakage can be further reduced. 

[0020] 

According to the method for manufacturing the semiconductor device 
described above, the film thickness of the oxynitride film is in the range of 0.5 
nm - 3.0 nm, and the film thinness of the first oxide film is greater than 0 nm, 
and less than 1.0 nm. 
[0021] 

Accordingly, an increase in the interface state can be suppressed, the 
nitrogen concentration in the gate dielectric film can be increased, the amount 
of gate leakage can be further reduced, and the deterioration in the carrier 
mobility at the time of fabricating a field effect transistor can be suppressed. 
[0022] 

Also, according to the method for manufacturing a semiconductor device 
described above, a step is included for forming a second oxide film on a surface 
of the silicon substrate by conducting a heat treatment on the silicon substrate 
with the second oxidizing gas before the step of forming the oxynitride film. 
[0023] 

Accordingly, the nitrogen concentration in the gate dielectric film can be 
increased, the first oxide film can be formed on the surface of the silicon 
substrate at high temperatures, and influences of variations in the film 
thickness of the oxynitride film and its concentration distribution can be 
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suppressed, while oxygen molecules can be diffused on the surface of the silicon 

substrate. 

[0024] 

Consequently, while maintaining the in-plane uniformity of the film 
thickness of the first oxide film, the peak position of nitrogen concentration can 
be pushed up towards the surface, and while suppressing an increase in the 
interface state, the amount of gate leakage can be further reduced and the 
flatness of the gate dielectric film can be improved. 
[0025] 

In the method for manufacturing a semiconductor device described 
above, the second oxidizing gas is a gas mixture of oxygen gas and nitrogen gas 
with the oxygen gas being mixed by 10 - 30 weight%, the temperature of the 
heat treatment at the time of forming the first oxide film is in the range of 
800°C - 1000°C, and the duration is in the range of 20 - 60 seconds. 
[0026] 

Accordingly, while lowering the partial pressure of the oxygen gas, the 
second oxide film can be formed on the surface of the silicon substrate at high 
temperatures, the flatness and smoothness of the surface of the second oxide 
film can be maintained, and the control over the film thickness of the second 
oxide film can be readily conducted. 
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[0027] 

Also, in the method for manufacturing a semiconductor device described 
above, the thickness of the first oxide film is in the range of 0.3 nm - 1.0 nm, the 
film thickness of the second oxide film is in the range of 0.5 nm - 2.0 nm, and 
the film thickness of the oxynitride film is in the range of 0.3 nm - 1.5 nm. 
[0028] 

Accordingly, an increase in the interface state can be suppressed, the 
nitrogen concentration in the gate dielectric film can be increased, the amount 
of gate leakage can be further reduced, and the deterioration in the carrier 
mobility at the time of fabricating a field effect transistor can be suppressed. 

BRIEF DESCRIPTION OF DRAWINGS 
[0029] 

FIGS. 1(a) -l(c) illustrate cross- sectional views showing a method for 
manufacturing a semiconductor device in accordance with a first embodiment of 
the present invention. 
[0030] 

FIG. 2 is a diagram showing the relationship between the equivalent 
oxide thickness and the amount of gate leak in accordance with the first 
embodiment of the present invention. 
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[0031] 

FIG. 3 is a diagram showing the relationship between the equivalent 
oxide thickness and the amount of gate leak in accordance with the first 
embodiment of the present invention. 
[0032] 

FIG. 4 is a diagram showing the relationship between the depth from 
the surface of the dielectric film and the nitrogen concentration in accordance 
with the first embodiment of the present invention. 
[0033] 

FIGS. 5(a) -5(c) illustrate cross- sectional views showing a method for 
manufacturing a semiconductor device in accordance with a second embodiment 
of the present invention. 
[0034] 

FIG. 6 is a diagram showing the relationship between the equivalent 
oxide thickness and the amount of gate leak in accordance with the second 
embodiment of the present invention. 
[0035] 

FIG. 7 illustrates a cross-sectional view indicating a conventional 
method for manufacturing a semiconductor device. 
[0036] 

FIG. 8 illustrates a cross-sectional view indicating a conventional 
method for manufacturing a semiconductor device. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
[0037] 

A semiconductor device and its manufacturing method in accordance 
with embodiments of the present invention are described below with reference 
to the accompanying drawings. 
[0038] 

FIGS. 1(a) to 1(c) are cross-sectional views showing a method for 
manufacturing a semiconductor device in accordance with a first embodiment of 
the present invention. 
[0039] 

In FIG. 1 (a), surfaces of a silicon substrate 1 are washed with a solution 
such as hydrofluoric acid, to thereby remove naturally occurring oxide films on 
the surfaces of the silicon substrate 1, and expose a surface of the silicon 
substrate 1. By removing the naturally occurring oxide films on the surfaces of 
the silicon substrate 1, the surfaces of the silicon substrate 1 can be planarized, 
and the amount of gate leakage can be reduced. 
[0040] 

Next, as indicated in FIG. 1 (b), the silicon substrate 1 is heat-treated 
with an oxynitriding gas Gl, to thereby form an oxynitride film 2 on the surface 
of the silicon substrate 1. As for the oxynitriding gas Gl for forming the 
oxynitride film 2, for example, nitrogen monoxide, nitrogen dioxide or 
dinitrogen monoxide can be used. 
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[0041] 

Accordingly, the reactivity of the oxy nitride film 2 at the time of 
formation thereof with the silicon substrate 1 can be improved, such that the 
nitrogen concentration in the gate dielectric film can be increased, and the 
amount of gate leakage can be further reduced. 
[0042] 

Also, during the heat treatment condition at the time of forming the 
oxynitride film 2, the temperature can be in the range of 1000°C - 1150°C, and 
the duration can be 120 to 200 seconds. Also, during the heat treatment 
condition when forming the oxynitride film 2, the temperature may be in the 
range of 1100°C - 1150°C, and the duration may be 20 - 200 seconds. Also, the 
film thickness Dl of the oxynitride film 2 may preferably be in the range of 0.3 
nm - 1.5 nm. 
[0043] 

As a result, the nitrogen concentration in the gate dielectric film 4 that 
is made of a two-layer structure of the oxynitride film 2 and the oxide film 3 can 
be increased, such that the amount of gate leakage can be further reduced. 
[0044] 

Next, as indicated in FIG. 1 (c), by heat treating the silicon substrate 1 
with the oxidizing gas G2, an oxide film 3 is formed on the surface of the silicon 
substrate 1 while pushing up the oxynitride film 2 formed on the silicon 
substrate 1 towards the surface side. 
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[0045] 

As the oxidizing gas G2, for example, oxygen gas or water vapor (water) 
can be used. Also, the temperature for the heat treatment to form the oxide 
film 3 is preferably in the range of 1000°C - 1150°C, and more preferably be in 
the range of 1100°C - 1150°C. Also, the duration for the heat treatment to 
form the oxide film 3 is preferably be 20 - 300 seconds. Also, the film thickness 
D2 of the oxide film 3 may be in the range of 0.3 nm - 1.0 nm. 
[0046] 

Accordingly, the oxide film 3 can be formed on the surface of the silicon 
substrate 1 at high temperatures, such that the silicon oxide film can be grown 
on the surface of the silicon substrate 1, while suppressing the influence of 
variations in the film thickness of the oxynitride film 2 and its concentration 
distribution. 
[0047] 

For this reason, while maintaining the in-plane uniformity of the film 
thickness of the oxide film 3, the peak position of nitrogen concentration can be 
pushed up towards the surface, and while suppressing an increase in the 
interface state, the amount of gate leakage can be further reduced and the 
flatness of the gate dielectric film 4 can be improved. 
[0048] 

Also, by forming the gate dielectric film 4 under the conditions described 
above, the element concentration peak of nitrogen can be 7 x 10 21 or greater, 
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and the peak position of the nitrogen concentration of the gate dielectric film 4 
can be located in the range of 0.5 nm - 1.5 nm from the surface thereof, and in 
the range of 0.3 nm - 2.0 nm from its interface with the silicon substrate 1. 
Consequently, even when the gate dielectric film 4 is thinned down to about 
several ten Angstroms, while the nitrogen concentration at the interface 
between the gate dielectric film 4 and the silicon substrate 1 can be maintained 
at a low level, the nitrogen concentration in the gate dielectric film 4 can be 
increased. 
[0049] 

FIG. 2 is a diagram showing the relationship between the equivalent 
oxide thickness and the amount of gate leakage in accordance with the first 
embodiment of the present invention when the temperature of the oxynitriding 
treatment is used as a parameter. It is noted that the equivalent oxide 
thickness is an electric film thickness that is calculated by using the physical 
constants of an oxide film. Further, in the example shown in FIG. 2, oxynitride 
films 3 are formed with nitrogen monoxide gas under different conditions at 
temperatures of 1000°C, 1100°C and 1150°C in 20 seconds time durations, 
respectively. Also, oxide films 2 are formed with oxygen gas at a temperature 
of 1100°C. The amount of gate leakage of each of the gate dielectric films 4 
each being made of a two-layer structure of the oxide film 2 and the oxynitride 
film 3 is compared to the amount of gate leakage of a gate dielectric film that is 
made only of an oxide film. 
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[0050] 

It is observed from FIG. 2 that, compared to the gate dielectric film 
made only of an oxide film, the gate dielectric film 4 that is made of the 
two-layer structure of the oxide film 2 and the oxynitride film 3 can reduce the 
amount of gate leakage. Here, when the temperature at the time of forming 
the oxynitride film 3 is set at 1000°C, the amount of gate leakage can be reduced 
only by about 1/2 digit. However, when the temperature at the time of forming 
the oxynitride film 3 is set in the range of 1100°C - 1150°C, the amount of gate 
leakage can be reduced by more than one digit. 
[0051] 

FIG. 3 is a diagram showing the relationship between the equivalent 
oxide thickness and the amount of gate leakage in accordance with the first 
embodiment of the present invention when the duration of the oxynitriding 
treatment is set as a parameter. In the example shown in FIG. 3, oxynitride 
films 3 are formed with nitrogen monoxide gas under different conditions at a 
temperature of 1000°C at time durations of 20 seconds, 120 seconds and 200 
seconds, respectively. Also, oxide films 2 are formed with oxygen gas at a 
temperature of 1100°C. The amount of gate leakage of each of the gate 
dielectric films 4 each being made of a two-layer structure of the oxide film 2 
and the oxynitride film 3 is compared to the amount of gate leakage of a gate 
dielectric film that is made only of an oxide film. 
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[0052] 

It is observed from FIG. 3 that, compared with the gate dielectric film 
made only of an oxide film, the gate dielectric film 4 that is made of the 
two-layer structure of the oxide film 2 and the oxynitride film 3 can reduce the 
amount of gate leakage. Here, when the time for forming the oxynitride film 3 
is set at 20 seconds, the amount of gate leakage can be reduced only by about 1/2 
digit. However, when the time for forming the oxynitride film 3 is set in the 
range of 120 seconds - 200 seconds, the amount of gate leakage can be reduced 
by more than one digit. 
[0053] 

FIG. 4 is a diagram showing the relationship between the depth from 
the surface of the dielectric film and the nitrogen concentration in accordance 
with the first embodiment of the present invention. In the example shown in 
FIG. 4, each gate dielectric film 4 is made of a two-layer structure of an oxide 
film 2 and an oxynitride film 3, where the oxynitride film 3 is formed with 
nitrogen monoxide gas under different conditions at temperatures of 1000°C, 
1100°C and 1150°C for a duration of 20 seconds, respectively, and oxide films 2 
are formed with oxygen gas at a temperature of 1100°C. Then, by using SIMS 
(secondary-ion mass spectrometry), the element concentration of nitrogen, the 
element concentration of silicon and the element concentration of oxygen in the 
depth direction from the surface of the gate dielectric film 4 are examined. 
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[0054] 

It is observed from FIG. 4 that an interface between the silicon 
substrate 1 and the gate dielectric film 4 is located at about 25 Angstroms from 
the surface of the gate dielectric film 4, and the thickness of the gate dielectric 
film 4 is about 25 Angstroms. Also, by elevating the temperature at the time of 
forming the oxynitride film 3, the element concentration of nitrogen in the gate 
dielectric film can be increased. 
[0055] 

Next, a semiconductor device and its manufacturing method in 
accordance with a second embodiment of the present invention will be described 
with reference to the accompanying drawings. 
[0056] 

FIGS. 5 (a) - 5(d) are cross -sectional views indicating a method for 
manufacturing a semiconductor device in accordance with the second 
embodiment of the present invention. 
[0057] 

In FIG. 5 (a), surfaces of a silicon substrate 1 are washed in an inactive 
atmosphere such as nitrogen gas or argon gas, to thereby remove naturally 
occurring oxide films on the surfaces of the silicon substrate 1, and expose a 
surface of the silicon substrate 1. By removing the naturally occurring oxide 
films on the surfaces of the silicon substrate 1, an interface between the silicon 
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substrate 1 and an oxide film can be planarized, and the uniformity in film 
thickness of the oxide film to be formed on the silicon substrate 1 can be 
improved. 
[0058] 

Next, as indicated in FIG. 5 (b), the silicon substrate 1 is. heat-treated 
with oxidizing gas Gil, to thereby form an oxide film 5 on a surface of the 
silicon substrate 1. As the oxidizing gas Gil, for example, mixed gas of oxygen 
gas and nitrogen gas can be used, and the rate of the oxygen gas in the mixed 
gas may preferably be 10 - 30 weight%, and more preferably be 15 - 25 weight%. 
Also, the temperature for the heat treatment to form the oxide film 5 is 
preferably in the range of 800°C - 1000°C, and more preferably be in the range 
of 850°C - 950°C. Also, the duration of the heat treatment to form the oxide 
film 5 is preferably 20 - 60 seconds. Also, the film thickness Dll of the oxide 
film 5 may be in the range of 0.5 nm - 2.0 nm. 
[0059] 

Accordingly, while reducing the partial pressure of the oxygen gas 
contained in the oxidizing gas Gil, the oxide film 5 can be formed on the surface 
of the silicon substrate 1 at high temperatures, such that the film thickness of 
the oxide film 5 can be readily controlled while maintaining the flatness and 
smoothness of the surface of the oxide film 5. As a result, the film thickness of 
a gate dielectric film 4 that is made of a three-layer structure of the oxide film 5, 
an oxynitride film 6 and an oxide film 7 can be readily controlled, while 
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suppressing an increase in the interface state, and also the flatness of the gate 
dielectric film 4 can be improved such that a deterioration in the dielectric 
breakdown strength can be suppressed. 
[0060] 

Next, as indicated in FIG. 5 (c), by heat treating the silicon substrate 1 
with oxynitriding gas G21, an oxynitride film 6 is formed on the surface of the 
silicon substrate 1 while pushing up the oxide film 5 formed on the silicon 
substrate 1 towards the surface side. 
[0061] 

As the oxynitriding gas G21, for example, nitrogen monoxide, nitrogen 
dioxide, dinitrogen monoxide or ammonia can be used. 
[0062] 

Accordingly, the reactivity of the oxynitride film 6 at the time of its 
formation with the silicon substrate 1 can be improved, such that the nitrogen 
concentration in the gate dielectric film 4 can be increased, and the amount of 
gate leakage can be further reduced. 
[0063] 

Also, the temperature of the heat treatment for forming the oxynitride 
film 6 may preferably be in the range of 1000°C - 1150°C, and more preferably 
be in the range of 1100°C - 1150°C. Also, the time duration for forming the 
oxynitride film 6 may preferably be 20 to 200 seconds, and more preferably be 
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120 to 200 seconds. Also, the film thickness D21 of the oxynitride film 6 may 

preferably be in the range of 0.3 nm - 1.5 nm. 

[0064] 

As a result, the nitrogen concentration in the gate dielectric film 4 can 
be increased, the amount of gate leakage can be further reduced, and 
deterioration in the carrier mobility at the time of fabricating a field effect 
transistor can be suppressed. Next, as indicated in FIG. 5 (d), the silicon 
substrate 1 is heat-treated with oxidizing gas G31, to form an oxide film 7 on 
the surface of the silicon substrate 1 while pushing up the oxide film 5 and the 
oxynitride film 6 formed on the silicon substrate 1 towards the surface side. 
[0065] 

As the oxidizing gas G31, for example, oxygen gas can be used. 
Also, the temperature of the heat treatment for forming the oxide film 7 may 
preferably be in the range of 1000°C - 1150°C, and more preferably be in the 
range of 1100°C - 1150°C. Also, the duration for forming the oxide film 7 may 
preferably be 20 to 300 seconds. Also, the film thickness D31 of the oxide film 
7 may preferably be in the range of 0.3 nm - 1.0 nm. 
[0066] 

As a result, the oxide film 7 can be formed on the surface of the silicon 
substrate 1 at high temperatures, such that oxygen molecules can be diffused on 
the surface of the silicon substrate 1, while suppressing the influence of 
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variations in the film thickness of the oxynitride film 6 and its concentration 

distribution. 

[0067] 

Consequently, while maintaining the in-plane uniformity of the film 
thickness of the oxide film 7, the peak position of nitrogen concentration can be 
pushed up towards the surface, and while suppressing an increase in the 
interface state, the amount of gate leakage can be further reduced and the 
flatness of the gate dielectric film 4 can be improved. 
[0068] 

Also, by forming the gate dielectric film under the conditions described 
above, the element concentration peak of nitrogen can be 7 x 10 21 or greater, 
and the peak position of the nitrogen concentration of the gate dielectric film 4 
can be located in the range of 0.3 nm - 2.0 nm from the interface with the silicon 
substrate 1. Consequently, even when the gate dielectric film 4 is thinned 
down to about several ten Angstroms, while the nitrogen concentration at the 
interface between the gate dielectric film 4 and the silicon substrate 1 can be 
maintained at a low level, the nitrogen concentration in the gate dielectric film 
4 can be increased. 
[0069] 

FIG. 6 is a diagram showing the relationship between the equivalent 
oxide thickness and the amount of gate leakage of a semiconductor device in 
accordance with an embodiment of the present invention. In the example 
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shown in FIG. 6, each oxide film 5 is formed in a gas mixture of oxygen gas and 
nitrogen gas with the oxygen gas being mixed by 20 weight% at a temperature 
of 900°C. Also, each oxynitride film 6 is formed with nitrogen monoxide gas at 
a temperature of 1150°C for a duration of 20 seconds. Also, each oxide film 7 is 
formed with oxygen gas at a temperature of 1150°C for a duration of 60 seconds. 
Also, by adjusting the duration of the heat treatment for forming the oxide film 
5, the total film thickness (equivalent oxide thickness) is adjusted. 
[0070] 

In FIG. 6, gate dielectric films 4 are each composed of a three -layer 
structure of the oxide film 5, the oxynitride film 6 and the oxide film 7, wherein 
the heat treating temperature at the time of forming the oxynitride film 6 is set 
in the range of 1000°C - 1150°C, and the duration of the heat treatment is set in 
the range of 20 - 200 seconds. As a'result, the amount of gate leakage can be 
reduced by more than one digit compared to the case where a gate dielectric film 
is made only of an oxide film. 
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